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Abstract
We used a spectroscopic microwave technique utilizing superconducting stripline resonators
at frequencies between 3 GHz and 15 GHz to examine the charge dynamics of YbRh2Si2 at
temperatures and magnetic ﬁelds close to the quantum critical point. The diﬀerent electronic
phases of this heavy-fermion compound, in particular the antiferromagnetic, Fermi-liquid, and
non-Fermi-liquid regimes, were probed with temperature-dependent microwave measurements
between 40 mK and 600 mK at a set of diﬀerent magnetic ﬁelds up to 140 mT. Signatures of
phase transitions were observed, which give information about the dynamic response of this
peculiar material that exhibits ﬁeld-tuned quantum criticality and pronounced deviations from
Fermi-liquid theory.
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1 Introduction
Quantum phase transitions (QPTs) and quantum criticality are major topics of present re-
search in solid state physics. Several heavy-fermion metals have been studied in great detail in
this context and are now considered model systems where magnetic QPTs lead to unconven-
tional behavior of the conduction electrons, which is generally named non-Fermi-liquid (NFL)
behavior [1, 2]. Amongst these materials, YbRh2Si2 has attracted substantial attention: it is
a stoichiometric, tetragonal compound that orders antiferromagnetically at TN = 70 mK in
the absence of a magnetic ﬁeld, and this antiferromagnetic (AFM) order can be suppressed
smoothly with application of an external magnetic ﬁeld; if the ﬁeld is applied in the tetragonal
plane, a very small ﬁeld of 60 mT suﬃces to suppress TN down to zero at the quantum critical
point (QCP). At higher ﬁeld, well-deﬁned Fermi-liquid (FL) behavior is observed, e.g. a clear T 2
temperature dependence of the dc resistivity. At temperatures above the AFM and FL phases,
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pronounced NFL behavior is observed, for example a linear dependence of the dc resistivity as
a function of temperature was found covering up to three orders of magnitude in temperature.
In the middle of the NFL regime, an additional temperature scale T ∗ was identiﬁed and in-
terpreted as a transition from a small Fermi surface to a large Fermi surface upon increasing
ﬁeld [3, 4], but this interpretation remains debated [5]. The rich phase diagram of YbRh2Si2
at temperatures well below 1 K has been studied with numerous thermodynamic, magnetic,
and transport measurements, but this particular regime of ﬁnite, small magnetic ﬁelds and
very low temperature was so far inaccessible to spectroscopic techniques. This is in contrast to
higher temperatures, where scanning tunneling spectroscopy [6], neutron spectroscopy [7], and
angle-resolved photoemission spectroscopy [5] have lead to important results concerning the
electronic and magnetic properties of YbRh2Si2. NMR spectroscopy can reach temperatures
well below 100 mK, but for YbRh2Si2 so far has been limited to magnetic ﬁelds higher than
the critical ﬁeld [8, 9]. ESR spectroscopy, which has yielded important information about the
spin dynamics in YbRh2Si2 at temperatures above 0.5 K [10, 11, 12], only recently approaches
the phase space close to the QCP [13].
Here we now demonstrate how spectroscopic microwave experiments concerning the charge
dynamics, i.e. the electrical conduction at GHz frequencies, can be performed on YbRh2Si2 at
temperatures and ﬁelds close to the QCP. Microwave spectroscopy on heavy fermions addresses
the fundamental electrodynamic properties of these materials [13, 14]: the transport relaxation
rate of the conduction electrons, manifest as the Drude response in the frequency-dependent
conductivity [15], is reduced by orders of magnitude compared to conventional metals [1, 16]
and for certain heavy-fermion metals has been found to be as low a few GHz [17, 18, 19, 20]. The
electrodynamics of YbRh2Si2 has been studied previously by infrared spectroscopy [21], where
indications for such a slow Drude relaxation were found, but it could not be directly observed.
The very high eﬀective mass of YbRh2Si2 indeed suggests an extremely low Drude relaxation
rate [13] at low temperatures, but on the other hand quantum critical ﬂuctuations might cause
a higher scattering rate. Furthermore, it is of general interest how the fundamentally diﬀerent
charge properties in YbRh2Si2 in the AFM, NFL, and FL phases are reﬂected in the dynamic
response. For example, for a FL it is expected that the relaxation rate depends quadratically
on both temperature and frequency [1, 22, 23, 24], while the NFL regime with its peculiar linear
temperature dependence of the relaxation rate might also feature an unconventional frequency
dependence. In this case, a transition between FL and NFL regimes at GHz frequencies might
have diﬀerent signatures than those studied previously in great detail for dc transport[25, 26, 27].
In the present work, we therefore study the microwave response of YbRh2Si2 as a function of
temperature at a set of diﬀerent magnetic ﬁelds and thus probing the diﬀerent electronic phases.
2 Experiment
The compound was studied with a spectroscopic method dedicated for GHz frequencies, utilizing
a planar stripline resonator. A stripline is a microwave transmission line conceptually similar
to a coaxial cable [28, 29, 30], consisting of a strip-shaped inner conductor that is surrounded
by two dielectric slabs and two outer conductor planes, as schematically seen in Figure 1. In
our measurement conﬁguration, one of the ground planes is replaced by the conductive sample
under study, in this case a single crystal of YbRh2Si2. Being part of the transmission line
structure that carries the microwave signal, the sample aﬀects the microwave ﬁeld. Thus, the
method is sensitive to the charge dynamics of the sample at GHz frequencies, which in the
present case of a bulk metal become manifest to the measured observables via the skin eﬀect
[22]. Since we require that the sample is the main contributor to the measured losses, the other
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Figure 1: Scheme of stripline microwave resonator: cross section of a stripline (left) and a top
view of the resonator plane with the shape of the YbRh2Si2 sample indicated by the dashed
line (right).
conducting parts of the resonator are made of superconducting lead and the dielectric slabs are
fabricated from low-loss [31] sapphire wafers. In order to achieve the high sensitivity needed to
study low-loss materials, the interaction between the sample and the electromagnetic ﬁeld of
the transmission line has to be enhanced. To that end we utilize a high-Q resonant structure
by fabricating two coupling gaps (50 μm in this work) into the center strip, thereby composing
a resonator that is capacitively coupled to the outer transmission lines and supports standing
waves with resonance frequencies depending the resonator length L:
ν0,n =
nc
2
√
L
, (1)
where n denotes the mode number, c the speed of light in vacuum, and  the permittivity of the
dielectric. The center conductor of the resonator is meandered under an area that is deﬁned
by the size of the sample. This way, one obtains the largest possible resonator length and
lowest base frequency, in the present work 3 GHz. The meander shape of the resonator was
individually designed for the sample, and the lead resonator was thermally evaporated onto the
lower sapphire slab using laser-cut shadow masks of steel. The stripline conﬁguration with the
sample is then assembled into a sample box of brass and connected to outer 50 Ω microwave
lines. A corresponding characteristic impedance of the stripline was achieved by sapphire plane
(12 x 10 mm2) thickness of 127 μm, lead strip thickness of 1 μm, and stripline width of 45 μm.
With the static magnetic ﬁeld applied in the plane of the resonator to mitigate the detrimental
eﬀect of the magnetic ﬁeld on the performance of the superconducting resonator [32], one cannot
exclude completely the excitation of ESR in the sample [13, 33]. However, for the combinations
of static magnetic ﬁeld, microwave frequency, and temperature in this study we did not observe
pronounced signs of ESR. Thus we expect that here, as usual for highly conductive metals, the
charge response at GHz frequencies clearly dominates over the spin response.
The experiments were performed in a 3He/4He dilution refrigerator with a microwave inset
in a temperature range of 40 mK – 600 mK and at magnetic ﬁelds of up to 140 mT. The
microwave is generated and the signal transmitted through the resonator is measured by a
vector network analyzer. From the transmission spectra, we determine the resonance frequency
ν0 and the quality factor Q of the resonator. In the desired case where the overall losses in
the resonator are governed by the sample and all other loss contributions can be neglected, the
surface resistance Rs of the sample is related to the two measured quantities as
Rs = G
ν0
Q
, (2)
where G is a factor depending the geometry of the stripline [29].
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Figure 2: The transition between Fermi- and non-Fermi-liquid phases shows up as a clear change
of trend in the ratio between resonance frequency and quality factor. The pictured transition
is in a magnetic ﬁeld of 125 mT. Data are normalized and shifted for clarity.
3 Results
A total of ﬁve resonator modes ranging from 3 GHz to 15 GHz were observed and measured at
ﬁve ﬁxed magnetic ﬁelds between 0 mT and 140 mT applied parallel to the tetragonal plane
of the YbRh2Si2 crystal with the resonator along the same plane. Although lead is a type-I
superconductor and has a critical magnetic ﬁeld of 80 mT, the stripline maintained a resonance
of a measurable quality factor at even higher ﬁelds. Presently we do not know to which extent
we can also assume for these magnetic ﬁelds above 80 mT that the total losses in the resonator
are dominated by the sample and Eq. 2 still holds. However, since the temperature in the
present study is below 1 K, while the zero-ﬁeld critical temperature of lead is above 7 K, we
can assume that any pronounced temperature dependence in the measured resonator response
is caused by the Yb2Rh2Si2 sample and not by the lead.
Fig. 2 presents the evolution of the ratio between measured resonance frequency ν0 and
quality factor Q for diﬀerent resonator modes in a magnetic ﬁeld of 125 mT. The absolute
magnitudes of these data were normalized and shifted as [V -Vmin]/[Vmax-Vmin]+ C, where V =
ν0/Q and C is a constant corresponding to the magnitude of the resonance frequency C(ν0) =
(ν0/3 GHz -1) · 0.2, for visual clarity. In the ideal case that Eq. 2 holds also at this ﬁeld, the
temperature dependence of ν0/Q is directly proportional to the temperature dependence of the
surface resistance Rs. If a transition from one electronic phase to another aﬀects the electronic
transport of YbRh2Si2, it should also show up in our microwave measurements. Unfortunately,
establishing a quantitative relation from experimentally accessible surface resistance Rs(ν) to
conductivity σ(ν) is quite challenging because it is not clear a priori in which of the skin eﬀect
regimes that can occur in metals at low temperatures we operate [22, 34].
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Figure 3: 3 GHz resonance mode in diﬀerent magnetic ﬁelds: a. The ratio between resonance
frequency and quality factor. Deviations from the linear trends are shown with the dotted curve,
and can be associated with phase transitions. b. The evolution of the resonance frequency. The
inset shows a change of trend in the measured resonance frequency at 60 mT and 350 mK. The
absolute values were normalized and shifted for clarity.
The temperature-dependent data in Fig. 2 clearly indicate a change in electronic properties
around 100 mK, which is the transition temperature between FL- and NFL-regimes. In partic-
ular, the dc resistivity features a smooth transition from low-temperature quadratic behavior
to linear behavior at higher temperatures [25, 35], and our 3 GHz data is rather reminiscent
of such behavior. For higher frequencies, though not evolving completely consistently from one
frequency to the next, there seems to be a trend towards more pronounced changes at this
temperature of 100 mK. Considering that at ﬁnite frequencies the FL resistivity is expected
as ρ(T, ν) = ρ0 + a(4π
2(kBT )
2 + (hν)2) [13, 23] while for the NFL regime linear temperature
dependence was determined for dc transport and a similar frequency dependence might be ex-
pected, such a stronger transition in the temperature dependence at higher frequencies might
indeed signal ﬁnite-frequency characteristics of the FL-NFL transition. From this point of view,
it could also be plausible if the experimental signatures of the FL-NFL transition occurred at
slightly diﬀerent temperatures for diﬀerent probing frequencies, but we cannot conclude any-
thing in this respect within our present experimental error bars.
In Fig. 3 we plot the temperature dependence of ν0/Q and resonator frequency ν0 for a
set of diﬀerent magnetic ﬁelds for a single microwave frequency of 3 GHz, with normalization
as [V -Vmin]/[Vmax-Vmin]+ C, where C is a constant corresponding to the magnitude of the
magnetic ﬁeld C(B) = B[mT]/100 mT and V the normalized physical quantity: ν0/Q (left)
and ν0 (right). Considering the behavior discussed for Fig. 2, for this comparably low fre-
quency one can expect behavior in ν0/Q that resembles the established dc resistivity behavior.
Indeed, in the zero-ﬁeld measurement in Fig. 3a one can observe a clear kink in the temper-
ature dependence around 70 mK that indicates the AFM transition. Also, the signature of
the FL-NFL transition moves to higher temperatures as the magnetic ﬁeld is increased from
110 mT to 140 mT, as expected. These observed phase changes agree with those previously
measured with e.g. electric resistivity [25] or ac-susceptibility experiments [36]. As visible from
the straight lines that act as guides to the eye in Fig. 3a, ν0/Q exhibits quite linear temperature
dependence over extended temperature ranges in the NFL regime. While such linear behavior
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is established for the dc resistivity ρdc, it comes as surprise for ν0/Q because Rs exhibits a
weaker temperature dependence than ρdc in both the normal and anomalous skin eﬀect regime,
at least for conventional metals [22, 37].
While Fig. 3a represents the surface resistance, the resonator frequency plotted in Fig. 3b
depends on the skin depth of the sample: longer skin depth means further microwave penetration
into the sample, corresponding to larger mode volume of the resonator, which in turn means
lower resonator frequency ν0. In general, metals conduct better at lower temperatures and
correspondingly one expects an increase of the resonator frequency upon cooling, as is commonly
observed for metals and superconductor [29, 34, 38, 39]. Surprisingly, we ﬁnd such behavior
in ν0 only for magnetic ﬁelds above 100 mT, larger than the critical ﬁeld of lead, whereas for
ﬁelds of 60 mT and lower, we ﬁnd the opposite trend.
As a side-note, in addition to the examined transitions between AFM, NFL, and FL phases,
a feature around 350 mK in magnetic ﬁeld of 60 mT appears as a clear change of trend in
the resonance frequency, as is shown in the inset of Fig. 3b. A similar phenomenon has been
reported in dc transport at this temperature range [40]: In 60 mT, below a characteristic
temperature of 350 mK both the electric and thermal resistivities were shown to deviate from
the linear trend associated with a non-Fermi liquid behavior. Anomalies in this temperature
range were also observed previously in the heat capacity [27, 35].
4 Conclusions and Outlook
We used a spectroscopic microwave technique utilizing superconducting stripline resonators
to examine the charge dynamics of YbRh2Si2 at GHz frequencies and at temperatures and
magnetic ﬁelds close to the quantum critical point. The diﬀerent electronic phases were probed
with a set of diﬀerent magnetic ﬁelds, and signatures of transitions between AFM, NFL, and
FL phases were clearly observed in the microwave response.
The described method oﬀers a tool for examining the dynamic response of the material
exhibiting quantum criticality and pronounced deviations from the Fermi liquid theory. In par-
ticular, the photon energy of the employed microwave radiation corresponds to the other energy
scales of this experiment, namely temperature and magnetic ﬁeld, and therefore addresses the
intrinsic physics that govern the material properties of YbRh2Si2. Future experimental work
should study the microwave response at ﬁxed temperatures as a function of magnetic ﬁeld, which
will require detailed understanding of the ﬁeld-dependent behavior of the superconducting lead
stripline resonator [13].
Acknowledgements
We thank G. Untereiner for resonator fabrication and mounting. This work was funded by the
DFG.
References
[1] L Degiorgi. The electrodynamic response of heavy-electron compounds. Rev. Mod. Phys.,
71(3):687, 1999.
[2] H v. Lo¨hneysen, A Rosch, M Vojta, and P Wo¨lﬂe. Fermi-liquid instabilities at magnetic quantum
phase transitions. Rev. Mod. Phys., 79(3):1015–1075, 2007.
6345
Signatures of phase transitions in the microwave response of YbRh2Si2 Parkkinen et al.
[3] P Gegenwart, T Westerkamp, C Krellner, Y Tokiwa, S Paschen, C Geibel, F Steglich, E Abrahams,
and Q Si. Multiple energy scales at a quantum critical point. Science, 315(5814):969–971, 2007.
[4] S Paschen, T Lu¨hmann, S Wirth, P Gegenwart, O Trovarelli, C Geibel, F Steglich, P Coleman, and
Q Si. Hall-eﬀect evolution across a heavy-fermion quantum critical point. Nature, 432(7019):881–
885, 2004.
[5] K Kummer, S Patil, A Chikina, M Gu¨ttler, M Ho¨ppner, A Generalov, S Danzenba¨cher, S Seiro,
A Hannaske, C Krellner, et al. Temperature-independent Fermi surface in the Kondo lattice
YbRh2Si2. Phys. Rev. X, 5(1):011028, 2015.
[6] S Ernst, S Kirchner, C Krellner, C Geibel, G Zwicknagl, F Steglich, and S Wirth. Emerg-
ing local Kondo screening and spatial coherence in the heavy-fermion metal YbRh2Si2. Nature,
474(7351):362–366, 2011.
[7] C Stock, C Broholm, F Demmel, J Van Duijn, JW Taylor, HJ Kang, R Hu, and C Petrovic.
From incommensurate correlations to mesoscopic spin resonance in YbRh2Si2. Phys. Rev. Lett.,
109(12):127201, 2012.
[8] K Ishida, K Okamoto, Y Kawasaki, Y Kitaoka, O Trovarelli, C Geibel, and F Steglich. YbRh2Si2:
Spin Fluctuations in the vicinity of a quantum critical point at low magnetic ﬁeld. Phys. Rev.
Lett., 89(10):107202, 2002.
[9] S Kambe, H Sakai, Y Tokunaga, G Lapertot, TD Matsuda, G Knebel, J Flouquet, and RE Wal-
stedt. Degenerate Fermi and non-Fermi liquids near a quantum critical phase transition. Nat.
Phys., 10(11):840–844, 2014.
[10] C Krellner, T Foerster, H Jeevan, C Geibel, and J Sichelschmidt. Relevance of ferromagnetic cor-
relations for the electron spin resonance in Kondo lattice systems. Phys. Rev. Lett., 100(6):066401,
2008.
[11] J Sichelschmidt, VA Ivanshin, J Ferstl, C Geibel, and F Steglich. Low temperature electron spin
resonance of the Kondo ion in a heavy fermion metal: YbRh2Si2. Phys. Rev. Lett., 91(15):156401,
2003.
[12] J Sichelschmidt, T Kambe, I Fazlishanov, D Zakharov, H-A Krug von Nidda, J Wykhoﬀ,
A Skvortsova, S Belov, A Kutuzov, BI Kochelaev, et al. Low temperature properties of the
electron spin resonance in YbRh2Si2. Phys. Status Solidi B, 247(3):747–750, 2010.
[13] M Scheﬄer, K Schlegel, C Clauss, D Hafner, C Fella, M Dressel, M Jourdan, J Sichelschmidt,
C Krellner, C Geibel, and F Steglich. Microwave spectroscopy on heavy-fermion systems: Probing
the dynamics of charges and magnetic moments. Phys. Status Solidi B, 250(3):439–449, 2013.
[14] DN Basov, RD Averitt, D van der Marel, M Dressel, and K Haule. Electrodynamics of correlated
electron materials. Rev. Mod. Phys., 83(2):471–541, 2011.
[15] M Dressel and M Scheﬄer. Verifying the Drude response. Ann. Phys., 15(7-8):535–544, 2006.
[16] AJ Millis and PA Lee. Large-orbital-degeneracy expansion for the lattice Anderson model. Phys.
Rev. B, 35(7):3394, 1987.
[17] M Scheﬄer, M Dressel, M Jourdan, and H Adrian. Direct observation of Drude behavior in the
heavy-fermion UPd2Al3 by broadband microwave spectroscopy. Physica B, 359–361:1150–1152,
2005.
[18] M Scheﬄer, M Dressel, M Jourdan, and H Adrian. Extremely slow Drude relaxation of correlated
electrons. Nature, 438(7071):1135–1137, 2005.
[19] M Scheﬄer, M Dressel, M Jourdan, and H Adrian. Dynamics of heavy fermions: Drude response
in UPd2Al3 and UNi2Al3. Physica B, 378–380:993–994, 2006.
[20] M Scheﬄer, M Dressel, and M Jourdan. Microwave conductivity of heavy fermions in UPd2Al3.
Eur. Phys. J. B, 74(3):331–338, 2010.
[21] S Kimura, J Sichelschmidt, J Ferstl, C Krellner, C Geibel, and F Steglich. Optical observation of
non-Fermi-liquid behavior in the heavy fermion state of YbRh2Si2. Phys. Rev. B, 74(13):132408,
2006.
7346
Signatures of phase transitions in the microwave response of YbRh2Si2 Parkkinen et al.
[22] M Dressel and G Gru¨ner. Electrodynamics of solids: optical properties of electrons in matter.
Cambridge University Press, 2002.
[23] RN Gurzhi. Mutual electron correlations in metal optics. Sov. Phys. JETP-USSR, 8(4):673–675,
1959.
[24] A Rosch and PC Howell. Zero-temperature optical conductivity of ultraclean Fermi liquids and
superconductors. Phys. Rev. B, 72(10):104510, 2005.
[25] P Gegenwart, J Custers, C Geibel, K Neumaier, T Tayama, K Tenya, O Trovarelli, and F Steglich.
Magnetic-ﬁeld induced quantum critical point in YbRh2Si2. Phys. Rev. Lett., 89(5):056402, 2002.
[26] P Gegenwart, T Westerkamp, C Krellner, M Brando, Y Tokiwa, C Geibel, and F Steglich. Un-
conventional quantum criticality in YbRh2Si2. Physica B, 403(5):1184–1188, 2008.
[27] N Oeschler, S Hartmann, AP Pikul, C Krellner, C Geibel, and F Steglich. Low-temperature
speciﬁc heat of YbRh2Si2. Physica B, 403(5):1254–1256, 2008.
[28] MS DiIorio, AC Anderson, and B-Y Tsaur. Rf surface resistance of Y-Ba-Cu-O thin ﬁlms. Phys.
Rev. B, 38(10):7019, 1988.
[29] D Hafner, M Dressel, and M Scheﬄer. Surface-resistance measurements using superconducting
stripline resonators. Rev. Sci. Instrum., 85(1):014702, 2014.
[30] DE Oates, AC Anderson, CC Chin, JS Derov, G Dresselhaus, and MS Dresselhaus. Surface-
impedance measurements of superconducting NbN ﬁlms. Phys. Rev. B, 43(10):7655, 1991.
[31] J Krupka, K Derzakowski, M Tobar, J Hartnett, and RG Geyer. Complex permittivity of some
ultralow loss dielectric crystals at cryogenic temperatures. Meas. Sci. Technol., 10(5):387, 1999.
[32] D Bothner, T Gaber, M Kemmler, D Koelle, R Kleiner, S Wu¨nsch, and M Siegel. Magnetic
hysteresis eﬀects in superconducting coplanar microwave resonators. Phys. Rev. B, 86:014517,
2012.
[33] C Clauss, M Dressel, and M Scheﬄer. Optimization of coplanar waveguide resonators for ESR
studies on metals. J. Phys.: Conf. Ser., 592:012146, 2015.
[34] D Hafner, M Dressel, O Stockert, K Grube, H v.Lo¨hneysen, and M Scheﬄer. Anomalous microwave
surface resistance of CeCu6. JPS Conf. Proc., 3:012016, 2014.
[35] J Custers, P Gegenwart, H Wilhelm, K Neumaier, Y Tokiwa, O Trovarelli, C Geibel, F Steglich,
C Pe´pin, and P Coleman. The break-up of heavy electrons at a quantum critical point. Nature,
424(6948):524–527, 2003.
[36] O Trovarelli, C Geibel, S Mederle, C Langhammer, FM Grosche, P Gegenwart, M Lang, G Sparn,
and F Steglich. YbRh2Si2: Pronounced non-Fermi-liquid eﬀects above a low-lying magnetic phase
transition. Phys. Rev. Lett., 85(3):626, 2000.
[37] AB Pippard. The surface impedance of superconductors and normal metals at high frequencies.
II. The anomalous skin eﬀect in normal metals. Proc. R. Soc. (London), 191A:385–399, 1947.
[38] David M Pozar. Microwave engineering. John Wiley & Sons, 2009.
[39] Z Ma, RC Taber, LW Lombardo, A Kapitulnik, MR Beasley, P Merchant, CB Eom, SY Hou, and
JM Phillips. Microwave penetration depth measurements on Bi2Sr2CaCu2O8 single crystals and
YBa2Cu3O7-δ thin ﬁlms. Phys. Rev. Lett., 71(5):781, 1993.
[40] J-P Reid, MA Tanatar, R Daou, R Hu, C Petrovic, and L Taillefer. Wiedemann-Franz law and
nonvanishing temperature scale across the ﬁeld-tuned quantum critical point of YbRh2Si2. Phys.
Rev. B, 89(4):045130, 2014.
——————————————–
8347
